25
Cholera toxin, in contrast to its stimulatory action on adenylate cyclase, renders the insulin-stimulated adipose cell insensitive to the inhibitory actions of lipolytic agents such as isoprenaline, adrenocorticotropic hormone or glucagon. Conversely, pertussis toxin eliminates both the stirnulatory actions of the antilipolytic agents, such as adenosine, nicotinic acid, and prostaglandin E,, on insulin-stimulated glucose transport activity and the ability of these agents to block the inhibitory actions of the lipolytic agents. Such observations are consistent with a direct involvement of G-proteins in the regulation of insulin-stimulated glucose transport.
In addition to these direct mechanisms for the regulation of glucose transport activity, the sensitivity of both the insulin and PMA responses is enhanced by antilipolytic agents and diminished by lipolytic agents. Thus, the acute regulation of glucose transport activity in the isolated adipose cell is subject t o multiple hormonal inputs which elicit their rcsponscs by different, but interactive mechanisms. In contrast to adipose tissue, the molecular basis of insulin action on cardiac glucose transport remains poorly understood owing to the complcxity of the available model systems. This laboratory has approached these problems by using freshly isolated and primary cultured adult rat cardiomyocytcs. resulting in a detailed dcscription of cardiac insulin receptors 13-51 and insulin action on the glucose transportcr 16-81. In the present paper, we report on the mcchanisms o f insulin transmcmbrane signalling and diabetes-induced alterations.
h r l y 611 T I its iri ctircliric irisir liri uctiori Insulin receptor tyrosine kinase activity has now been identified as a n integral part o f the signal transduction pathway 19 \. Autophosphorylation of cardiac insulin receptors was studicd on wheat germ agglutinin-agarose-purified receptor preparations. Phosphoproteins were separated by SDS/PAGE. identified by autoradiography and analyscd by lascr-scanning densitometry. Insulin maximally stimulated phosphorylation o f the /?-subunit ( M , 87000) 4-fold with a Abbreviations used: IRGT, insulin-responsive glucose transporter: PMA. phorbol myristate acetate.
half-maximal action at 3 x 1 0 -"' mol/l (Fig. I) . This agrccs well with the dose-response relationship for activation o f glucose transport by insulin in this cellular system [ 71. Insulin was found to decrease the K , of the receptor kinasc for ATP from 3 4 to 9 PM, suggesting conformational changes upon binding of the hormone.
Autophosphorylation may be followed by a complex chain of events involving receptor-mediated endocytosis, lysosoma1 degradation and recycling of internalized receptors [ 8 ] . To rule out a functional relationship between insulin processing and stimulation of cardiac glucose transport, the kinetics of insulin internalization have been determined and correlated to the onset of insulin action. Internalization of the hormone increased linearly up to 10 min followed by a slower phase up to 60 min. A similar time course has been observed for the onset of insulin action with a rapid phase up to 8 min followed by a much slower phase, reaching maximal transport stimulation by 30-60 min. This striking kinetic similarity points to a possible functional association of the two reactions. This assumption has been substantiated by selectively blocking internalization of the hormone. Thus, inhibition of internalization by treatment of cardiocytes with phenylarsine oxide totally abolished initial insulin action on glucose transport which remained unaffected by the lysosoma1 inhibitor chloroquine. The latter drug, however, was found to reduce steady-state insulin action by 60%. From these data, it may be concluded that very early processing of insulin receptor complexes and subsequent degradative steps may be involved in mediating the stirnulatory action of insulin on the glucose transport system of ventricular cardiomyocytes. In the present study, the diacylglycerol content in cardiac rnyocytes was determined after conversion to phosphatidic acid by diacylglycerol kinase. As shown in Fig. 2 , incubation of cells with insulin for 30 min resulted in a significant (/'< 0.05) decrease in diacylglycerol content, whereas phospholipase C produced a considerable increase under the same conditions. Thc possible involvement of protein kinase C in the stirnulatory action of insulin was further elucidated using inhibitors of this enzyme. Both tamofixen and staurosporine were found to reduce basal transport rates without affecting the stirnulatory action of insulin. Treatment of cells with phorbol myristate acetate (PMA) had no effect on basal and maximally insulin stimulated glucose transport. However, insulin action was completely lost in the range of low insulin concentrations (up to 1 x 10-"' M). This is not due to changes in insulin receptor kinase, as has been observed in adipocytes [12], since the K,,, and the dose-response relationship for cardiac insulin receptor autophosphorylation remained unaltered after treatment of cells with PMA. Thus, protein kinase C is not involved in the stimulation of cardiac glucose transport in agreement with recent findings in skeletal muscle [ 131. However, protein kinase C may modulate insulin action, most probably at a post-receptor site. This post-receptor element may be a G-protein which could be phosphorylated by protein kinase C. Treatment of cells with cholera toxin indeed resulted in an inhibition of insulin action by S6%, whereas pertussis toxin was without effect. Thus, a cholera-toxin-sensitive G-protein may couple the insulin receptor to the glucose transporter in the cardiac cell.
Effects of' diabetes
Diabetes mellitus is known to be associated with a large variety of biochemical abnormalities of the myocardium. However, it is not clear if alterations in transmembrane signalling may be responsible for the pathogenesis of cardiac insulin resistance. Cardiac myocytes from streptozotocin diabetic rats and from genetically obese Zucker rats have been used to gain insights into such a relationship.
Stimulation of glucose transport was reduced by 64'/0 in cardiac myocytes from streptozotocin diabetic rats with a concomitant decrease in basal transport by 29"/0 Fig. 3) . The sensitivity of insulin-stimulated glucose transport to cholera toxin was completely lost in this insulin-deficient state. This may be due t o alterations in the G-protein coupling the insulin receptor to the glucose transporter or to changes in the transporter itself. The latter possibility was studied by measuring mRNA expression of the insulinresponsive glucose transporter (IRGT ). This was achieved by Northern blot analysis of total RNA isolated from the cardiocytes using a 24-base-pair oligonucleotide probe constructed against an IRGT-specific sequence. As shown in Fig. 3 , the mRNA level of IRGT (2.5 kb transcript) was found t o decrease by 87 f 4% (11 = 4). The specificity of this effect was demonstrated by an unaltered G,a mRNA exprcssion. Our data are in excellent agreement with the findings of Sivitz ef a/. 1141. who reported a decrease in mRNA expression o f this transporter species in adipose tissue from streptozotocin diabetic rats by 89%. In contrast, in skeletal muscle this decrease was only 30% [15] . Our data suggest that reduced expression of the glucose transporter may be responsible for the pathogenesis of insulin resistance in insulin-deficient diabetes. Basal transport of 3-0-methylglucose was reduced by 30% in cardiac myocytes from obese Zucker rats with a concomitant decrease in the maximal response t o insulin by about 5 0 %~ Under these conditions, IRGT mRNA content slightly increased by about 20%. From these data it may be concluded that insulin regulates expression of the IRGT gene in cardiac myocytes. Cardiac insulin resistance observcd in obesity may be due t o post-transcriptional modulations of glucose transporter expression and additional defects of the insulin receptor [ 16 I and associated signalling elements.
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